signaling indicated a potential mechanism for creating extensive pathways of circadian regulation. Since CLK/ CYC activity oscillates, patterns of diverse gene expresSummary sion might be influenced by the clock through transcriptional controls using this circadian activator. Evidence Mechanisms composing Drosophila's clock are confor such a strategy has also come from independent served within the animal kingdom. To learn how such studies of the mammalian clock, which is highly homoloclocks influence behavioral and physiological rhythms, gous to that of the fly. Vasopressin, a well-known moduwe determined the complement of circadian tranlator of neuroendocrine function, oscillates due to direct scripts in adult Drosophila heads. High-density oligoregulation by orthologs of CLK/CYC in mammals (Jin et nucleotide arrays were used to collect data in the form al., 1999).
that exhibit circadian oscillations in their expression.
Northern sampling throughout the interval p-F24 0.05-
(see Conclusions). Our experiments and analyses were designed to take full advantage of two defining properties of circadian
Organization of the Subset of 158 Circadian Transcripts by Phase of Peak Expression rhythms: (1) ‫42ف‬ hr periodicity and (2) self-sustained propagation in a constant environment. By taking time Figure 1A shows an arrangement of the circadian expression patterns identified by our selection criteria orpoints every 4 hr, we obtained a data set that has a high enough sampling rate to reliably extract 24 hr Fourier dered by peak phase. Each column represents a time point, and each row represents a gene. The colors reprecomponents. We decided to perform time course experiments spanning a day of entrainment followed by a sent the magnitude of the log ratios for the measured average difference values normalized per experiment, day of free-running to take advantage of both the selfsustaining property of circadian patterns and the imwith shades of red indicating an increase and shades of green indicating a decrease (Eisen et al., 1998). Oscilproved amplitude and synchrony of circadian patterns found during entrainment. We analyzed 36 RNA isolates lating patterns of all possible phases are represented. When organized into 4 hr phase groups ranging from from wild-type adult fruit fly heads, representing three 2 day time courses, on high-density oligonucleotide ZT0 (Zeitgeber Time 0; lights on) through ZT23 (just before lights on), the 158 genes show the following distriarrays. Each array contained 14,010 probe sets (each composed of 14 pairs of oligonucleotide features) inbution of peak phases: 30 genes in ZT0-4 (e.g., Clk, to, ninaA, Pdh), 19 in ZT4-8 (e.g., e, Ugt35b), 17 in ZT8-12 cluding ‫006,31ف‬ genes annotated from complete sequence determination of the Drosophila melanogaster (e.g., trpl, ATPCL, Zw), 34 in ZT12-16 (e.g., tim, vri, per, Slob), 34 in ZT16-20 (e.g., Cyp4d21, Cyp18a1), and 24 genome (Adams et al., 2000). To identify different regulatory patterns underlying circadian transcript oscillain ZT20-24 (e.g., Rh5, amphiphysin).
Hierarchical Clustering tions, we collected four-point time course data from three strains of mutant flies with defects in clock genes
To organize our circadian transcripts in a way that was informed by the data from the mutants and grouped, (per 0 , tim
01
, and Clk Jrk ) during a single day of entrainment. Because all previously known clock-controlled genes we performed hierarchical clustering. We included both the log ratio wild-type data (normalized per experiment) cease to oscillate in these mutants but exhibit changes in their average absolute expression levels, we focused and the log ratios for each of the three clock mutants (normalized to the entire data set) to achieve clusters our analysis of the mutant data on changes in absolute expression levels rather than on evaluations of periodthat have both a more or less uniform phase and a uniform pattern of responses to defects in the circadian icity.
Identification of Circadian Transcripts
clock. Figure 1B shows the organization of our 158 genes after hierarchical clustering with an equal weighting for In a simultaneous analysis of the three separate time courses, we extracted the 24 hr Fourier component (F24) all included log ratio measurements (see also Supplemental Figure S1 at http://www.neuron.org/cgi/content/ for all of the observed expression patterns. We used the p value associated with F24 (p-F24) to rank the full/32/4/657/DC1). One of the most interesting clusters generated by this interrogated transcripts according to the perceived robustness of their oscillation. A set of filters was applied organization is the per cluster (displayed in Figure 4A ). This cluster contains genes that have an expression to select against unreliable oscillations. We demanded that the measured range of oscillation and the measured peak around ZT16 and a tendency to be reduced in expression in the Clk Jrk mutant. Strikingly, all genes preexpression values exceeded noise thresholds and that circadian transcripts showed a positive 24 hr autocorreviously known to show this pattern of oscillation (per, tim, vri; Allada et al., 1998; Blau and Young, 1999) are lation in at least one of the experiments. According to this procedure, 293 genes emerged as significantly found in this cluster. In fact, the tim gene, which has multiple representations on our oligonucleotide arrays, rhythmic with 24 hr periodicity (p-F24 Ͻ 0.05; see Experimental Procedures and supplemental data).
has two independent representations in this cluster. Together with the novel oscillator CG5798, per, tim, and In order to further define a set of circadian transcripts based on independent experimental data in addition to vri form a subcluster (average phase ZT14) that shows upregulation in both the per 0 and tim 01 mutants. The fact the statistical predictions derived from our microarrays, we performed Northern blots for a sample of genes that per, tim, and vri all function in the central circadian clock raises the possibility that several other genes from taken from ordered segments of the p-F24 Ͻ 0.05 set. For the interval p-F24 Ͻ 0.02, each of 16 sampled genes, this cluster, including the ubiquitin thiolesterase gene CG5798 and the gene coding for the channel modulator distributed over the full range of the interval, was verified as strongly rhythmic with a phase concordant with that Slowpoke binding protein (Slob; discussed further below), may function in the circadian clock or directly predicted from the microarray data. This cutoff defined a set of 158 genes and included six known circadian downstream of it. The genes in a second cluster (Clk cluster, Figure  genes Figures 1-3) . Given the limited resolution of Northern blots and the extension 4B) are primarily grouped together based on their peak phase (average phase ZT2). By virtue of the mutant exof the verification to greater than 10% of this p-F24 class, the results indicate that periodic gene expression pression data, we can recognize several subclusters within this phase group. The known circadian genes Clk patterns are efficiently identified by our experimental and statistical method. Northern sampling also indiand takeout (to) are part of this cluster. Clk is found in a clustered pair with the leucyl aminopeptidase gene cated substantial enrichment for circadian gene expression in the p-F24 0.02-0.05 interval; in fact, enrichment CG9285. In terms of chromosomal organization, to, CG11891, and CG10513 map closely together on chrofor cycling gene expression continued to be evident by mosome 3R. If we consider all genes with p-F24 lower members of the Clk cluster (CG17524, CG8993, CG3174, Cyp6a21). It may also be noteworthy that the genes than 0.05 we find two additional circadian genes in this chromosomal region (CG11852, CG10553). Interestingly, for three oxidoreductases found in this group (Pdh, CG15093, CG12116) have almost identical phases (ZT3). the Clk cluster contains three pairs of homologous genes with very similar expression patterns: the UDPAll genes of the apterous (ap) cluster are defined by both the oscillatory phase of their expression pattern glycosyl transferase genes Ugt35a and Ugt35b, the enteropeptidase genes CG9645 and CG9649, and the (average phase ZT17) and by a distinct expression profile in the three clock mutants (see Figure 4C ). Although long-chain fatty acid transporter genes CG6178 and CG11407. In the first two cases, the homologous genes the 6 hr sampling interval in the mutant data makes it difficult to reliably detect oscillations, it seems that the are also directly adjacent to each other on the chromosome. An overview of the map positions of all circadian majority of the genes in this cluster shows some degree of periodicity in the three mutant light-dark regime (LD) genes in our study is available as supplemental information online (http://www.neuron.org/cgi/content/full/32/ time courses. Although we cannot rule out that there are circadian oscillations independent from the known 4/657/DC1). Apart from Ugt35a and Ugt35b, several other genes with a predicted function in detoxification are clock genes, we favor the hypothesis that there may be Green print corresponds to published oscillators, red print denotes Northern-verified oscillators, blue print denotes a Northern-verfied oscillator (latheo) outside of the 158 (p-F24 ‫.)50.0ف‬ Peak phases in black print correspond to times of (subjective) light, whereas those in white print correspond to times of (subjective) darkness. a light-driven response underlying the observed mutant genes for the transcription factor moira, the synaptic regulator syndapin, two septins (Sep1, CG9699), and expression pattern. The genes in this group may, therefore, be regulated not only by the circadian clock, but two ATP binding cassette (ABC) transporters (CG6162, CG9990). In terms of chromosomal organization, CG6166, also by a direct light-dependent mechanism. It should be mentioned that we specifically searched for evidence the gene adjacent to CG6162 on chromosome 3R is homologous to CG9990 and coregulated with CG6162 of gene expression patterns that were purely light-driven in wild-type flies, but found little indication of such reguand CG9990. The founding member of the fourth cluster ( Figure 4D ; lation. Instead, we encountered genes with both a strong light-driven oscillation and a weak circadian component average phase ZT9), ebony (e), encodes ␤-alanyl-dopamine synthase and has roles in both cuticle tanning and (data not shown). apterous (ap) encodes a LIM-homeobox transcription factor, which is known to act both regulating circadian locomotor behavior (Newby and Jackson, 1991). Among the other cluster members are in neural development and in neuropeptide expression (Benveniste et al., 1998) Ser99Da, SP1029, CG7828, CG11531, BcDNA:GH02435), (e.g., Pdh, CG11891). Type I and II match the two known modes of regulation for circadian genes. The behavioral three transcription factor genes (CG15632, CG17257, CG6755), as well as two genes each that act in signal and molecular phenotypes of the per 0 and tim 01 mutations are almost identical (Sehgal et al., 1994 . It is unclear that in fact this set is enriched in such elements. For example, the frequency of E boxes in our set of oscillawhat proportion of these changes depends on the actual mutations themselves, because (1) our three mutant fly tors (42 hits in total) is significantly higher than the frequency in random selections of genes. The significance strains have different genetic backgrounds and (2) we collected data for only one population of each mutant of this result does, however, depend on the inclusion of well-studied genes (per, tim, vri). Some novel oscillators strain. Although there are known examples of noncircadian genes whose expression is affected by clock mutawith remarkable frequencies of "circadian transcription elements" are loco (1 PDP1 site; 3 W boxes; 8 CRE tions, we decided that it would be more informative to consider effects of the clock mutations only with respect elements; 3 TER elements), trpl (1 E box; 1 PDP1 site; 9 W boxes; 6 CRE elements; 12 TER elements). Rh5 (5 to the subset of 158 strong oscillators. Among this set, we find 72 genes with one or more significant expression W boxes; 5 CRE elements; 6 TER elements), and Slob (1 E box; 1 PERR element; 2 PDP1 sites; 6 W boxes; changes in the three clock mutant strains (See Figure  5 ; *p Յ 0.05, **p Յ 0.01).
15 TER elements). It is noteworthy that many robustly cycling genes have no known circadian transcription Included in our regulated set are tim (twice independently), vri, to, and Clk, and their patterns agree with elements in their promoters or first introns. previously published observations. The hierarchical clustergram of Figure 5 shows four basic patterns of regulation: (type I) increased in per 0 and tim 01 but de-
Molecular Function of Genes Expressed with a Circadian Rhythm creased in Clk
Jrk (e.g., vri, CG5798), (type II) decreased in per 0 and tim 01 but increased in Clk Jrk (e.g., Clk, CG15447), We have also organized our set of 158 circadian genes according to annotated or predicted molecular function (type III) decreased in all three mutants (e.g., Ugt36Bc/ CG17932, ea), and (type IV) increased in all three mutants (see Figure 3) . Several of these functional classes may 1999). Firstly, following this pathway, we find the genes for three circadian dehydrogenases: Pdh, CG10593, and Rhythmic Proteases and Accessory Factors Fifteen of the identified oscillatory genes are implicated CG12116. Secondly, we find both morning and night cytochrome P450 genes: Cyp6a21 and Cyp305a1 peak in protein cleavage (see Figure 2E and Figure 3 ). CG7828 and BcDNA:GH02435 (peak phase ZT6 and ZT10, respecearly in the day (ZT0 and ZT5), whereas Cyp18a1 and Cyp4d21 (see Figure 2F and Figure 3 ) peak at approxitively) mediate ubiquitination of protein substrates, thus targeting them for degradation. Conversely, CG5798 and mately the same time late at night (ZT18 and ZT19). Thirdly, while CG17524 is the only GST gene found in CG7288 cycle with a peak at respectively, ZT14 and our core set, we noticed that two other members of the participating in a NAD(P)H-mediated autoregulatory loop of the clockworks (Schibler et al., 2001 ). GST type III gene cluster on chromosome 2R show 24 hr periodicity (CG17523, p-F24 0.025; CG17527, p-F24 Nucleic Acid Metabolism We find a subset of 15 genes involved in nucleic acid 0.031). Fourthly, UDP-glycosyl transferase genes are represented in our circadian set by Ugt35a, Ugt35b, metabolism (Figure 3) . This includes five genes encoding specific RNA polymerase II transcription factors. Four and Ugt36Bc. Of these, Ugt35b ( Figure 2F ) encodes an antennal specific transcript with a potential role in of these encode parts of the circadian clock itself (per, tim, vri, and Clk), whereas the fifth one, apterous (ap), olfaction, whereas Ugt35a is expressed more uniformly (Wang et al., 1999) .
generates a homeobox transcription factor with a role in neurogenesis and the expression of neuropeptides CG13848 (see Figures 2F and 6B) Northern-verified oscillations detected in this larger pool (ZT11), whereas CG10611 transcripts peak at dawn of candidate genes, we believe we can usefully predict (ZT0). Thus, the antiphase oscillation of these two genes that the total complement of circadian genes would inmay produce daily alternation between glucose anaboclude ‫005-004ف‬ in the adult head. lism and catabolism. Zw and CG10611 transcript levels There are important factors that might lead us to unalso respond in opposite fashion to clock defects: Zw derestimate the total complement of circadian genes. levels are significantly decreased in per 0 and tim 01 muOur approach will favor genes that are homogeneously tants, whereas, CG10611 is significantly upregulated in Gene Collection (Berkeley Drosophila Genome Project), and each 25ЊC for 3 days and harvested onto dry ice either at 6 hr intervals clone was sequence verified. Blots were visualized and quantified during the following day of light-dark entrainment (mutant strains) with a Storm Phosphorimager (Molecular Dynamics). Only band sigor at 4 hr intervals during the next day of light-dark entrainment and nals that were measured to be at least 3-fold above the blot backan additional day of free-running in constant darkness (wild-type ground were considered reliably quantifiable. A gene was considstrains). Frozen flies were broken up and passed through wire mesh ered to have a confirmed oscillation if it showed two peaks spaced to separate the heads from the rest of the animal. This procedure at 24 hr, with phase of peak expression that was within 4 hr (the faithfully isolated heads from other body parts and should exclude sampling window) of the array data. So as to have a quantification contaminating signals from sources outside the head. The heads of the oscillation that is directly comparable with the array result, were used to isolate crude RNA with either Rnazol (Tel-Test) or Fourier analysis was also done on the Northern data. Based on the Trizol (Life Technologies). The yield was approximately 1 g total distribution of p-F24 values for the transcripts that were uniformly RNA/fly head. This RNA was then further purified using Rneasy verified to cycle by sampling with Northern blots, we decided that columns (Qiagen) following the RNA cleanup protocol. 25 g of this a p-F24 cutoff of 0.02 would define a subset of 158 genes with material was used to make biotin-labeled cRNA probe following the particularly robust oscillations. methods described in the Affymetrix GeneChip Expression Technical Manual. cDNA synthesis was carried out with T7-dT24 primer Clustering (MWG Biotech), Superscript Choice (Life Technologies), and addiHierarchical clustering on the subset of 158 genes was performed tional enzymes from New England Biolabs. In vitro transcription was using the "CLUSTER" program (Eisen et al., 1998) on the log ratio done using the ENZO Bioarray HighYield RNA transcript labeling kit.
values normalized per time course experiment for the wild-type data Hybridization, washing, staining, and scanning of the target cRNA to and normalized to the entire data set for the mutant data, giving Affymetrix oligonucleotide arrays were done as per the Affymetrix each of the arrays equal weight. Before calculating the log ratios GeneChip manual. Uniformity of the hybridization response from for clustering, average difference values below 4Q were set to 2.8Q. one array to another was verified by hybridizing RNA samples from Clustergrams were visualized with the aid of the "TREEVIEW" prothe same strain to duplicate oligonucleotide arrays for several time gram. From the set of 158, a subset of 72 genes that showed signifipoints (see supplemental data online).
cant up-or downregulation in at least one of the three mutant data sets was identified. For this set of 72, hierarchical clustering was Data Analysis performed on the mutant data. The circadian tendency of a time course experiment was quantified using the 24 hr Fourier component and its associated p value (F24 and p-F24, respectively). These quantities were determined after Promoter Site Analysis The upstream sequences associated with predicted circadian genes transforming the average difference (AD) scores into log ratios. For each time point, the expression level relative to the mean (taken in were analyzed to test if they were enriched for known circadian transcription factor binding sites. For each transcript, an upstream log coordinates) over that experiment was computed. AD scores below one standard deviation of residual background (Q) were set sequence with a maximum of 10 kb was defined by the translation start of the transcript and the beginning of the next upstream coding to Q. Fourier scores were calculated after appending the three normalized time courses, so that phase coherence between the patsequence. The following definitions of binding sites were used: E box, CACGTGAG(C)C with a perfect match for the first six bases terns in the three experiments was automatically enforced. The resulting F24 scores are independent of the order in which the time and possibly one mismatch for the last three bases; W box, TTG GCCAGCAA with two mismatches; CRE, TGACGTCA with one miscourses were appended. p-F24 was determined from ranking the match; PERR, GTTCGCACAA with one mismatch; TER, GCACGTTG of the Drosophila fat facets deubiquitinating enzyme gene. 
